ABSTRACT: We examined the assimilation of terrestrial organic matter (TOM) by the ovoviviparous isopod Excirolana armata inhabiting an exposed sandy beach of Uruguay. The source of this terrestrial input was an artificial freshwater discharge (the Andreoni Canal). We analyzed carbon (δ 13 C) and nitrogen (δ 15 N) isotope ratios in the TOM, in seawater particulate organic matter (POM) and in E. armata at 3 beach sites: Andreoni, at the canal mouth, Coronilla, at 1 km from the mouth and Barra, at 13 km from the mouth. Our analysis revealed clear effects of the canal discharge on the beach ecosystem. TOM was observed in the beach-face detrital mixture only at Andreoni; it also showed the lowest isotopic values there. POM δ 13 C values were also lowest near the canal mouth (increasing with distance from the mouth), indicating the dominance of terrestrial material in the carbon pools of sites closest to the freshwater discharge (viz. Andreoni and Coronilla). The same trend was seen in E. armata. Mixing-model (IsoSource) results for E. armata at Andreoni and Coronilla suggested that TOM was the main contributor to diet at these sites, while POM was the main contributor at Barra. We concluded that E. armata is a useful indicator of TOM assimilation in sandy-beach ecosystems. Our results point up the need, when studying sandy beach food webs, to consider potential modifications by terrestrial alloch thonous inputs.
INTRODUCTION
Sandy beaches provide a wide range of ecosystem services, including harvestable resources, production and processing of organic matter, flood protection, nursery areas for juvenile fishes and human recreation (Defeo et al. 2009 ). These ecosystems, however, are being widely affected by human activities (McLachlan & Brown 2006) . Particularly, organic inputs from freshwater discharges have become important stressors in these environments, potentially affecting nutrient regimes and ecological communities and also modifying the environment (Dagg et al. 2004 , Schlacher et al. 2007 and references therein).
Trophic subsidy is widely recognized as a key factor in structuring communities, affecting the distribution and interactions of prey and predators (Polis et al. 1997 , Nakano & Murakami 2001 . On sandy beaches, food webs are based mainly on marine sources, such as phytoplankton, wrack (stranded algae and seagrasses) and carrion (McLachlan & Brown 2006) , with the influence of these marine subsidies decreasing at increasing distances inland (Colombini et al. 2011) . However, little is known about the consequences to these ecosystems of terrestrial-resource subsidies (but see Schlacher & Connolly 2009 , Colombini et al. 2011 . The links between terrigenous matter and the marine intertidal system are much closer than previously estimated (Schlacher & Connolly 2009) . Moreover, recent research has demonstrated that impacts of river inputs on marine coastal ecosystem dynamics include increases in terrestrial particulate organic matter (POM), which is directly consumed by depositfeeding invertebrates, and which also affects fish abundance (Darnaude et al. 2004 , Sampaio et al. 2010 . It has therefore become increasingly critical to understand how trophic subsidies affect beach ecosystems, in order to properly assess functional relationships between sandy beach macrofauna and the nature and extent of ecosystem productivity.
Stable isotopes of carbon (δ 13 C) and nitrogen (δ 15 N) are useful tools for tracing the long-term assimilation of different energy sources by resident fauna (Fry 2006) . On average, δ 13 C values of consumers are expected to increase by ~1 ‰ over the values of their food sources, and δ 13 C can therefore be used to identify the carbon sources in food webs (Peterson & Fry 1987) . On the other hand, δ 15 N increases by ~3.4 ‰ in consumers relative to their standard food sources, providing an estimate of their trophic position (Peterson & Fry 1987) . Despite the wide use of stable isotope analysis to identify indicators of human impact on several terrestrial and marine ecosystems (Vizzini & Mazzola 2006 , Sampaio et al. 2010 , this technique has been rarely applied in sandy beach environments. This is of the utmost importance, because these ecosystems comprise ~70% of open-ocean coasts and their position at the land-sea margin renders them highly vulnerable to human activities developed in, or close to, the coastal zone (Defeo et al. 2009 ).
Our area of interest was 22 km of sandy beach in the department of Rocha, eastern Uruguay, a beach affected by a freshwater discharge from the Andreoni Canal, which drains an area used for agriculture and cattle-rearing. Previous work documented the impact of this freshwater discharge on resident sandy-beach populations of intertidal clams Mesodesma mactroides (Defeo et al. 1986) and Do nax hanleyanus (Defeo & de Alava 1995) , the mole crab Emerita brasiliensis (Lercari & Defeo 1999) , and the ovoviviparous cirolanid isopod Excirolana armata (Lozoya & Defeo 2006) . This isopod is the most conspicuous intertidal species on the Atlantic sandy beaches of South America, and is particularly abundant on the 22 km of continuous sandy coast considered in this study (de Alava & Defeo 1991) . E. armata has been identified as a primary consumer (trophic level range 1.9 to 2.4) with scavenger habits. Together with its reduced mobility, this makes the species a suitable indicator of dominant sources of organic matter in beach ecosystems (Berga mino et al. 2011) . However, the contribution of allochthonous organic matter from the Andreoni Canal has not been as sessed. In the current study, we examined the utilization of organic sources derived from Andreoni Canal discharge by E. armata. To this end, we evaluated spatial variations in δ 13 C and δ 15 N, in POM, in terrestrial organic matter (TOM) and in the sandybeach isopod itself, at various distances from the freshwater source.
MATERIALS AND METHODS

Study site
The study area comprises 22 km of uninterrupted exposed sandy beach situated between La Coronilla (33°50' S, 53°27' W) to the south, and Barra del Chuy (33°40' S, 53°20' W) to the north, along the Atlantic coast of Uruguay. This is a microtidal dissipative beach with fine to very fine well-sorted sands (mean grain size = 0.20 mm), a gentle slope (3.53%), heavy wave action, a wide surf zone and the highest macrofauna richness (from 21 to 29 species), abundance and biomass of all Uruguayan beaches (Lercari & Defeo 2006) . The southern boundary of this beach is the Andreoni Canal, a freshwater source that drains an area of ~270 000 ha into the ocean. Its flow is variable, depending on rainfall and agricultural (i.e. rice farming) water usage upstream, but it has been measured as high as 89 m 3 s −1
, tending to be highest during winter rainfall events (UNESCO 1980) . The predominant direction of discharge, to the NE, generates a strong alongshore salinity gradient that affects the resident macrofauna along the beach (Lercari & Defeo 1999 , Sauco et al. 2010 .
Sample collection and stable isotope analysis
Biological samples for stable isotope analysis were collected in December 2009 and February 2010 at 3 different sites: Barra del Chuy (hereinafter Barra), the least impacted site, at 13 km from the freshwater discharge; Coronilla, moderately impacted, at 1 km from the canal mouth; and Andreoni, the most highly impacted site, at the canal mouth (see Fig. 1 in Lercari et al. 2002) . Long-term studies have shown that salinity markedly decreases from Barra (mean ± SE: 25.4 ± 1.3) to Coronilla (21.32 ± 1.6) and Andreoni (5.7 ± 1.4; Lercari & Defeo 2003 and references therein). We sampled twice and pooled data from each site to aid in the interpretation of the isotopic distribution and to capture the temporal fluctuation of basal resources (Post 2002 , Hill et al. 2008 .
For each time-and-site combination, 3 replicates of POM, TOM and isopods were collected. Seawater POM (phytoplankton and detritus) was obtained by filtering 5 l of surface water through a 63 µm mesh to remove zooplankton and coarse sediment particles that do not contribute to the diet of Excirolana armata (Bergamino et al. 2011) . This filtrate was then filtered through a pre-combusted (500°C for 4 h) Whatman GF/F filter. TOM samples were obtained from detritus aggregation (dominated by terrestrial vascular plant debris) deposited on the beach face at the canal mouth only. No macrodetritus was found at Barra or Coronilla during either sampling event. Sediment organic matter was not assessed, since, due to the very low organic matter content of this beach, it would provide only a weak isotopic signal (Bergamino et al. 2011 ). For isopods, 3 independent sampling units spaced 8 m apart were taken with a 27 cm diameter cylinder and to a depth of 40 cm along the intertidal zone of each site and sieved through a 0.5 mm mesh. The isopods retained in each sampling unit were kept in filtered water overnight for gut clearance before being frozen at -20°C. For each replicate, some 10 to 15 isopods of similar size were selected for isotopic determination.
In order to carry out the isotope analysis, samples were rinsed with distilled water, dried at 50°C for 24 h, ground with mortar and pestle, and finally placed into a 5 × 8 mm tin capsule. In order to avoid alterations in isotopic measurements, samples were not acidified (Serrano et al. 2008) .
Carbon and nitrogen isotope ratios were assessed at the University of California, Davis, USA, by continuous-flow isotope-ratio mass spectrometry (20-20 mass spectrometer, PDZ Europa) after sample combustion to CO 2 and N 2 at 1000°C in an on-line elemental analyser (ANCA-GSL, PDZ Europa). Nitrogen and CO 2 were separated on a Carbosieve™ GC column (65°C, 65 ml min -1 ) before input into the mass spectrometer.
Carbon and nitrogen isotopic composition (δ 13 C and δ 15 N) were expressed as the relative difference between isotopic ratios in the sample and in conventional standards (Vienna Pee Dee Belemnite for carbon, and atmospheric N 2 for nitrogen) using the standard equation: 
Data analysis
In order to quantify the feasible contribution of food sources to the diet of Excirolana armata at each site, we used the IsoSource software (Phillips & Gregg 2003) , which computes a range of probability contributions to consumers for each food source. Isotopic signature was adjusted in consideration of an isotopic fractionation (i.e. enrichment) of 0.4 ‰ for δ 13 C and 3.4 ‰ for δ 15 N (Post 2002) . We used tolerance parameters of 0.5 to 1.5 ‰. POM and TOM derived from the Andreoni Canal were considered as main food sources. Small ranges between minima and maxima represent well-constrained estimates of the different source contributions (Phillips & Gregg 2003) .
RESULTS
The isotopic composition of POM showed high variability between sites (Fig. 1 ). δ (Fig. 1) .
Excirolana armata showed more depleted δ values of E. armata were higher at Barra (12.02 ± 0.15) than at Coronilla (10.01 ± 0.09) and Andreoni (10.78 ± 0.46) (Fig. 1) . IsoSource estimates of potential contributions from TOM to isopod mixtures were very good, near the respective weighted means and within narrow ranges. With regard to potential POM contributions, estimated values were acceptable. Mixing-model outputs (Table 1) showed that, of the sources included in the mixing model at Barra, POM was the main contributor to the diet of E. armata. TOM, on the other hand, is what was mostly assimilated by isopods at Coronilla and Andreoni.
DISCUSSION
Using stable isotope analysis, this study showed a clear trophic subsidy from the canal discharge in the sandy beach isopod Excirolana armata. The pattern of variation in δ 13 C usually shows a decreasing trend from marine to terrestrial regions (Rubenstein & Hobson 2004) . Consistently, we found a decreasing trend in δ 13 C values in POM and in E. armata from the site least influenced by terrigenous materials (Barra) to the site closest to the canal mouth (Andreoni). This demonstrates the influence of the discharge, which contributes terrestrial material to the beach ecosystem that is assimilated by E. armata. At Coronilla, isotopic POM values were between those measured at Andreoni and Barra. This may be attributed to a marked dilution of fresh and marine waters at Coronilla, which generates a high variability in salinity at this site (Lercari & Defeo 1999) .
Results from mixing models suggest that isopods are supported by different food sources at each site. TOM contributed over 26% of the diet of Excirolana armata at Andreoni and Coronilla, demonstrating that terrestrial allochthonous inputs form an important food source of this organism at these sites. By contrast, among the food sources included in the mixing model, marine POM was the main contributor to the diet of E. armata at the site least influenced by canal discharge (Barra). We are aware that differences between TOM and isopod signatures indicate at least 3 to 5 trophic levels between the carbon source and the animals. However, previous studies using stable isotopes have reported close trophic relationships between sandy-beach invertebrates and terrestrial subsidies (Paetzold et al. 2008 , Colombini et al. 2011 . Moreover, intertidal isopods, by scraping the sediment surface, consume a wide variety of resources ranging from macroalgae to animal matter and detritus (Arrontes 1990 , McLachlan & Brown 2006 , Schlacher et al. 2008 ; they also show the ability to hydrolytically digest cellulose and oxidatively break down lignins, both of which are common components of leaf litter (Zimmer at al. 2001 (Zimmer at al. , 2002 . Therefore, it is suggested that, due to the enriched isotopic signatures of E. armata, other components not detected during our sampling (e.g. carrion, animal carcasses), might contribute to its diet. The low δ 13 C values of TOM are in agreement with terrestrial C3 plant values, which range from -30 to -23 ‰ (Fry & Sherr 1984 , Peterson & Fry 1987 . We have also shown that TOM was consumed by the isopod at Coronilla, closer to the canal discharge, even though the sporadic input usually observed at this site precluded the detection of this food source during sampling. This is in agreement with previous findings on small-plume discharges, which have highlighted the fact that brief allochthonous inputs to nearshore marine waters have a limited zone of influence (Gaston et al. 2006 , Connolly et al. 2009 ). It should be noted that TOM could also be indirectly assimilated by E. armata via POM, since fragmentation and physical transport of TOM can account for a large proportion of the organic component of seawater POM (Polis et al. 1997) . The action of physical processes (e.g. storms, swash dynamics), together with large inputs of TOM from the canal discharge into the beach environment, could lead to TOM being incorporated into the marine ecosystem (e. N in isopods at Andreoni may indicate a higher degree of omnivory or diet variation at this site affected most directly by the freshwater discharge. This fact opens a new question regarding the consequences of trophic subsidy for adaptive trophic behaviour, and the dynamics of the sandy-beach food web.
In summary, our study reinforces the notion that terrestrial runoff and small plumes constitute important linkages between marine and terrestrial ecosystems (Darnaude et al. 2004 , Connolly et al. 2009 ), but that their zone of influence may be limited (Gaston et al. 2006 ). This link increases food sources in marine ecosystems, but may also lead to transport of contaminated sediments to sea, even forming a contaminant 'imprint' on the seafloor (Dagg et al. 2004 , Gaston et al. 2006 . Similar isotopic depletion in coastal benthic invertebrates has been recognized as caused by the assimilation of TOM originating from freshwater discharges (Riera & Richard 1997 , Darnaude at al. 2004 , Schlacher & Connolly 2009 ). Particularly for sandybeach ecosystems, we have demonstrated the important role played by TOM coming from a freshwater discharge in the food diet of the most conspicuous inhabitant of SW Atlantic sandy shores, viz. Excirolana armata. Therefore, cirolanid isopods, which have been recognized as reliable monitoring species of human impacts on sandy beaches (Veloso et al. 2011) , may also be used to trace the fate of TOM on these beaches. 
